grade actin flow ( Figure 9A ). The second structure, actin arcs, appear in the T zone and move into the C domain, where they contribute to central actin bundle structure. Interestingly, MTs associated with actin arcs are less dynamic than those in the P domain, exhibiting pro- 
rings that tighten around the C domain, and as actin arcs 46.3% Ϯ 3.3% relative to controls ( Figure 2F , Table 1 ). When endogenous Rho activity was inhibited by injecmove into the C domain, they become indistinguishable from central actin bundles. tion of C3 transferase (Ridley and Hall, 1992) , arc density was dramatically reduced ( Figure 2E , arrowhead) and Actin arcs were proposed to be stress fiber precursors in fibroblasts (Heath and Holifield, 1993). Given the wellcentripetal arc translocation rates decreased 34.7% Ϯ 2.5% relative to controls ( Figure 2G , Table 1 ). characterized Rho dependence of stress fiber function, we investigated a potential role for Rho in regulating
The observed changes in arc density could be due to a change in arc formation rate or arc stability. We actin arcs in growth cones. Rho and actin filament distribution were visualized in growth cones (Figures 2A and measured arc lifetimes, which reflect arc stability, and found that under control conditions lifetimes were 4.0 Ϯ 2B) with an antibody that recognized a single Aplysia protein of the appropriate MW ( Figure 2C ). Rho labeling 0.2 min. In CA RhoA, arc lifetimes were 5.8 Ϯ 0.3 min, and in C3 they were 1.8 Ϯ 0.1 min ( Figure 2H ). Differences in was punctate and most abundant in the C domain and T zone, with less labeling in the P domain. The increased arc lifetime appear to be due to Rho dependence of the rate of arc disassembly, since arc formation rates were Rho density observed in the C domain is not a pathlength artifact, as it persisted when cells were injected with a essentially the same in CA Rho (1.46 Ϯ 0.08 min ). Taken together, these results suggest that arc formation is indejected with a constitutively active (CA) form of RhoA, we observed a pronounced increase in actin arc and pendent of Rho, whereas once arcs are formed, Rho regulates their stability (lifetimes). central bundle density in the T zone ( Figure 2D , arrowhead) and C domain, respectively, and increased presInterestingly, constitutive activation or inhibition of Rho, Rac, or Cdc42 did not significantly affect retroence of actin puncta ( Figure 2D , open arrowhead) and ruffles or "intrapodia" (Figure 2D, star namics, increasing the centripetal movement of arcs by ( Figure 3I ). Then, using fluorescent actin speckle analysis of arc movement in cultured neurons, we found that 26.4% Ϯ 3.3% (Table 1) . This is consistent with Rho activity being negatively regulated by Rac in growth acute LPA treatments (5-8 min) increased centripetal arc translocation rates by 46.0% Ϯ 1.9% ( Figure 3A ) and cones, similar to previous reports in HeLa cells (Nimnual et al., 2003) . These findings suggest that under the conchronic treatment (0.5-1 hr) by 31.2% Ϯ 1.4%, relative to pretreatment levels ( Figure 3B ). In all cases, there was ditions employed, retrograde actin flow in the P domain is not a key target for regulation by any of the Rho no effect on retrograde flow rates in the P domain, and arc translocation rates returned to control levels after GTPases, whereas actin arcs are strongly affected by Rho activity.
LPA washout. Figure 5D ). Although MT distribution in the P domain was not markedly affected by changes in Rho activity, MT speckle analysis revealed that plus end growth rates were significantly slower in CA RhoA-(5.6 m min Ϫ1 ; Supplemental Movie S8) than in C3-injected cells (7.1 m min Ϫ1 -which is similar to control rates; see Table 2 ). MT rescue frequencies were notably higher with CA Rho, whereas catastrophe frequencies did not appear to be markedly affected. Taken together, these results suggest that constitutive Rho activation converts the highly dynamic MTs normally found in the P domain into MTs that behave more like those associated with actin arcs, i.e., exhibiting slow but more persistent growth ( contrasts with CA Rho, where both P domain growth rates and rescue frequencies were affected ( that closely resemble their vertebrate growth cone counture including well-defined filopodial actin bundles after the retraction. Figure 7E is an example of a growth cone terparts (see Supplemental Movie S11 at http://www. neuron.org/cgi/content/full/40/5/931/DC1). Under undergoing "fan shaped" collapse without significant neurite retraction. Again, note the presence of filopodial these plating conditions, LPA treatments resulted in apparent growth cone collapse, sometimes accompanied actin bundles in the collapsed cone (arrow). These results suggested that LPA-mediated growth cone retracby neurite shaft retraction, in about 57% of the growth cones tested ( Figure 7A ). In contrast, when neurons were tions were having modest, if any, effects on filopodial bundle structure, as observed in growth cones plated plated on poly-L-lysine, LPA treatment often caused the cell body to be pulled closer to the growth cones due on poly-L-lysine ( Figure 5A ). Indeed, quantitative analysis by fluorescent actin speckle microscopy revealed to contraction of the C domain and neurite shaft ( Figure  7B , black arrow; Supplemental Movie S12). Note that in that LPA-induced growth cone collapse had no effect on filopodium number ( Figure 7F ). On laminin substrates, growth cones tended to be 7I). Actin arcs were observed in some growth cones after LPA treatment ( Figure 7I) ; however, these growth smaller and have more compact C domains; however, actin filament and MT distributions were similar to those cones tended to have well-spread morphologies and did not collapse. In collapsing growth cones, spatial observed in growth cones plated on poly-L-lysine (Figure 7C) . Responses to LPA typically involved the followdifferentiation between actin arcs and central actin bundles was difficult due to high actin filament densities in ing: (1) a reduction of P domain area, and/or (2) centripetal movement of both the P and C domains. We will the T zone and adjacent C domain ( Figures 7D and  7E) . Thus, to quantify LPA-dependent changes in actin refer to these processes as growth cone "collapse" and growth cone "retraction," respectively. Figure 7D is an structure, we measured central actin bundle density, making the assumption that actin arcs were feeding into example of two growth cones undergoing collapse and retraction; note the residual retraction fibers in LPA (arthe central actin bundle population in collapsing growth cones as in Figures 1E and 1F . We found that LPA signifirowheads) and the presence of significant actin struc- rescent probe photobleaching and low phototoxicity rellabeling, which increases gradually, moving away from the leading edge where actin filaments are assembled ative to conventional multimode epifluorescence imaging (unpublished observations). Use of TIRF also (Forscher and Smith, 1988) . Figure 8B shows a time-lapse series of a growth cone allowed us to assess actin behavior in the C domain and T zone, which are too thick to provide useful information labeled with Alexa 594 phalloidin and treated with LPA. Central actin bundle density rapidly increased in LPA using conventional epifluorescence imaging.
We chose fluorescent phalloidin for these experi-(arrowheads), and the growth cone underwent steady retraction (see Supplemental Movie S14 at http://www. ments because this probe generates more contrast than G actin, when imaging actin bundle dynamics in arcs neuron.org/cgi/content/full/40/5/931/DC1). Note that the actin dots seen in the upper portion of the last panel and filopodia. This difference is illustrated in Figure 8A (also Supplemental Movie S13 at http://www.neuron.
(arrow) are due to the presence of retraction fibers (as in Figures 7A and 7D ) containing residual actin filaments org/cgi/content/full/40/5/931/DC1), which shows a triple channel record of a living growth cone injected with that gradually lose their ability to exhibit directed retrograde movement (see Supplemental Movie S14). Actin both fluorescent phalloidin and G actin. Note the higher contrast of actin arcs (arrowheads) in the phalloidin relafilament movements during the entire LPA response were quantified by creating a kymograph ( Figure 8C Figures 7 and 8) . Importantly, MLCK retraction were observed. In marked contrast, rates of inhibitors affected both peripheral flow and arc translocentral actin bundle movement toward the cell body cation, whereas Rho or ROCK inhibition only affected increased with LPA treatments (Figure 8F , kymograph arc translocation, with no effect on P domain retrograde measured in "C" region of Figure 8D ). In summary, this flow (Figures 2 and 3) . These findings reveal a new level data strongly suggests that growth cone retractions trigof domain specialization in the growth cone. (Table 2) . This may be a consequence of spatially unregulated CA mediated contractile responses on both substrates suggest a common underlying cell biological process at Rho activity, since LPA treatments did not significantly alter MT dynamics in the P domain. Thus, LPA's main work under different conditions of cell adhesion. Specifically, on laminin, growth cone adhesion may not be MT effects appear to stem from increased actin arc density, which leads to more arc-associated MTs. The able to withstand contractile forces generated in the C domain/axon shaft, resulting in retraction, whereas C formin family protein, mDia, is a potential candidate for mediating the observed MT stabilizing effects, as mDia domain contractions tend to pull the cell body toward growth cones tightly adhered to poly-L-lysine. These stabilizes MTs ( 7D and 7E ) and filopodia number did not change ( Figure 7F ). Indeed, bundled (Schaefer et al., 2002) . We found that Rho activation increased arc lifetimes and the rate of arc-associ-LPA appeared to enhance peripheral actin structures, including filopodia (cf. Figure 5A ) on poly-L-lysine subated MT transport, which resulted in more compact C domains (Figures 5 and 6) . In contrast, after Rho or strates. These results are consistent with studies in Helisoma growth cones, where LPA inhibited the destabiliz-ROCK inhibition, MTs in the C domain were splayed out (Figures 5 and 6 ). This MT redistribution appears to ing effects of ML-7 on filopodial actin bundle structures (Zhou and Cohan, 2001 ). This study and a subsequent occur by relaxation of constraints normally imposed on MTs by constitutive centripetal movement of actin arcs one (Zhou et al., 2002) proposed MLCK inactivation, leading to local disruption of filopodium structure, as a ( Figure 6E ). What about effects on MT dynamics? We previously reported that arc-associated MTs in the T potential mechanism for growth cone steering or col- 
